Strain and strain rate imaging have been shown to be useful for the assessment of regional myocardial function. However, some of the mechanisms of transition in myocardial contraction/relaxation remain unclear. In this study, the RF echoes from the left ventricular (LV) wall were acquired in both the longitudinal-axis view and the apical view by scanning ultrasonic beams sparsely to improve the temporal resolution, and a frame rate of about 600 Hz was realized. The phased tracking method was applied to multiple points in the heart wall to estimate the strain rate. The spatial distribution of the strain rate measured about every 2 ms showed the continuous transition in the myocardium. In the apical view, the propagation speed of contraction from the apex to the base side in the interventricular septum was found to be about 0.8 m/s. These results indicate the potential of this method in the estimation of the physiological function of the myocardium.
Introduction
In recent years, there have been many studies on the measurement of myocardial strain or strain rate, and techniques for measuring them have been developed. However, some of the mechanisms of the transition in myocardial contraction/relaxation still remain unclear.
In conventional echocardiography, we can see mainly the shapes of organs and their slow motion with large amplitude. In this case, the frame rate is, at most, 50 Hz, which corresponds to the sampling period of 20 ms.
For noninvasive measurement of the heart wall, tissue Doppler imaging (TDI) has been developed. [1] [2] [3] [4] [5] [6] The TDI technique enables the determination of the motion distribution in the myocardium in real time. In this method, the frame rate in TDI is limited to 200 Hz, 1) corresponding to the sampling period of 5 ms. However, some transitions rapidly occur during a short period of about 10 ms. 7, 8) Therefore, the continuous observation of such short transition requires a frame rate of more than 200 Hz. In this study, ultrasonic beams were scanned sparsely so that the myocardial strain rate could be measured in a wide area at a high temporal resolution of about 1/600 s, particularly during the period from the R-wave in the electrocardiogram (ECG) to the second heart sound in the phonocardiogram (PCG).
To improve the spatial resolution, Kanai et al. proposed the phased tracking method which enables the detection of small vibrations in the heart wall. 9) This method was applied to multiple points preset in the left ventricular (LV) wall along an ultrasonic beam so that the spatial distribution of velocities at those points is simultaneously obtained. 10, 11) Furthermore, this method was applied to other applications, such like the measurements of ultrasound backscatter 12) and heart wall vibrations induced by external actuation. 13) In this study, the phased tracking method was applied to the points assigned along the ultrasonic beam at smaller intervals than those in the previous studies 10, 11) to obtain a more continuous distribution of the myocardial strain rate along an ultrasonic beam.
In addition, the LV wall was measured not only in the long-axis view 8) but also in the apical view. In vivo experimental results in each scanned plane showed spatial transition in myocardial contraction/relaxation. These results showed the possibility of applying this method in the elucidation of the mechanism of myocardial contraction/ relaxation.
Principles
As illustrated in Fig. 1 , both the interventricular septum (IVS) and posterior wall were measured. The RF data were acquired using a 3.75 MHz sector-type probe of ultrasonic diagnostic equipment (ALOKA SSD-6500). The sampling frequency of the RF signal was 15 MHz. At time t ¼ t 0 , which is at the center of the assigned time period for analysis, N layers with a thickness of Ád ¼ 821 mm were assigned in the IVS from the right ventricular (RV) side to the LV side along an ultrasonic beam with intervals of Ád=4 ¼ 205 mm. The thickness Ád was determined from the duration of an ultrasonic pulse transmitted from the probe. Then, the phased tracking method was applied to both the top x 1i and the bottom x 2i of the i-th layer (i ¼ 0; 1; 2; . . . ; N À 1) to estimate velocities, vðx 1i ; tÞ and vðx 2i ; tÞ, for the period, t 0 À T t t 0 þ T. Period T was set as short as possible to avoid the influence of lateral motion of the heart wall, 14) which is perpendicular to the ultrasonic beams. We introduced the strain rate to evaluate how the thickness of each layer changes with respect to time. Strain rate S i ðtÞ of the i-th layer from the RV surface (i ¼ 0) at time t is given by 10 The numerator shows the difference between velocities at the top and bottom points of the i-th layer, and the denominator shows the initial thickness of the layer for normalization. After the strain rates were estimated along each ultrasonic beam, they were superimposed on the Bmode image in every frame using a color code to obtain the two-dimensional (2-D) spatial distribution of the strain rate. Blue indicates a thickening layer caused by myocardial contraction, and red indicates a thinning layer caused by myocardial relaxation. The strain rate of the posterior wall was estimated as well as that of the IVS.
In vivo Experimental Results

3.1
Transition from R-wave to second heart sound in long-axis view Figure 2 shows a typical cross-sectional image (the transthoracic parasternal longitudinal-axis view) of the heart obtained from a healthy 22-year-old male. The figure on the right-hand side of Fig. 2 shows the RF acquisition area. In the acquisition of RF signals, the ultrasonic beam scans only 5 different directions sparsely to maintain a high temporal resolution. The frame rate was set to 630 Hz. Figure 3 shows the two-dimensional distribution of strain rate in the same subject as shown in Fig. 2 during the transient period from contraction to relaxation. The bottom graph shows the temporal change in the width of the LV chamber along each ultrasonic beam. In the isovolmic contraction phase [ Fig. 3(b) ], the basal side of the IVS decreases in thickness, which corresponds to the extension of the LV chamber at the basal area, as indicated by the red oval in the graph. This is considered to result from an increase in the LV pressure upon contraction at the apical area for the succeeding ejection phase. Figures 3(b) and 3(c) show that the contraction extends gradually from the apical area to the basal area in the posterior wall. In addition, it is found that the apical area of the posterior wall begins to relax in the late ejection phase [ Fig. 3(c) ]. In the isovolmic relaxation phase [ Fig. 3(d) ] after aortic (Ao) valve closure, 15) the posterior wall at the apical area relaxes rapidly, which corresponds to the extension of the LV chamber at the apical area, as indicated by the black oval in the graph at the bottom of Fig. 3 . This action is considered to cause the reduction of the LV pressure for the succeeding rapid filling phase. These preceding actions for the subsequent phases probably contribute to the efficient pump function of the left ventricle.
Transition from contraction to relaxation around
second heart sound in long-axis view Figure 4 shows the strain rate distribution in the myocar- dium in the transitional period from contraction to relaxation around the second heart sound every 6.3 ms in the long-axis view. It is recognized that the relaxation occurs from the basal area to the apical area in the IVS, and from the apical area to the basal area in the posterior wall. The transition from contraction to relaxation was found to precede the aortic (Ao) valve closure. 15) The bottom graph in Fig. 4 shows the delay time from the R-wave in the ECG to the time at which the endocardial side of the posterior wall along each ultrasonic beam shows the maximum inward displacement in the LV chamber. Each delay graph for three consecutive cardiac cycles is overlaid. The movement of the IVS and the posterior wall are away from and toward the probe on the chest during the cardiac systole, respectively, which shortens the LV chamber and causes blood to be pumped out.
11) Therefore, the translation of the IVS and the posterior wall is considered to be negligible. As shown in the graph, it was found that the apical area reaches the peak toward the LV chamber earlier than the basal area. This result corresponds to the transition in myocardial contraction/relaxation from the apical to the basal area in the posterior wall.
Transition at beginning of contraction in IVS around
R-wave in apical approach Figure 5 shows a cross-sectional image of the heart of a healthy 24-year-old male examined by the apical approach. For the acquisition of RF signals, 8 ultrasonic beams scanned the IVS, realizing a high frame rate of 560 Hz. The strain rate in the IVS was measured by the apical approach in order to investigate the transition at the beginning of contraction in the IVS.
The strain rate distribution along each ultrasonic beam was obtained by analyzing the region AE144 ms (¼ AE80 frames) around the R-wave in the ECG. Figure 6 shows the strain rate distribution along beam number 3 in Fig. 5 . posed estimates of the velocity signals at multiple points in the IVS along the beam. In the apical approach, blue and red of the color code correspond to relaxation and contraction of the myocardium, respectively. In Fig. 6(a) , it is seen that the contraction in the apical area precedes that in the basal area by about 40 ms just before the R-wave. Figure 7 shows the spatial distribution of the strain rate of the IVS determined by the apical approach, around the Rwave for the same subject as shown in Figs. 5 and 6. It is recognized that myocardial contraction extends gradually from the apical area to the basal area just before the R-wave. The propagation speed of the contraction was found to be about 0.8 m/s. It is known that the propagation speed of electrically excited waves along the cardiac muscle is about 0.3 -1 m/s. 16) Although the speed of the electrically excited wave and that of the observed propagation of cardiac rapid motion are in good agreement, the relationship between the electrically excited wave and the observed propagation is still unclear. The elucidation of this relationship requires further investigation, particularly the analysis of the posterior wall in the apical view. The electrical signal is conducted along the Purkinje fiber in the myocardium, which runs along the LV walls from the base side in the IVS to the base side in the posterior wall via the apical area. 16, 17) Therefore, the simultaneous observation of both the IVS and the posterior wall in the apical view is needed to investigate the myocardial transition along the Purkinje fiber to obtain more information on this relationship. However, this mechanical contraction is found to occur around the Qwave in the ECG, which is known to be the time of beginning of electrical excitation in the myocardium. 17) Therefore, this component is considered to be the first component of myocardial contraction in a cardiac cycle.
Transition at beginning of relaxation in IVS around
second heart sound in apical approach The spatial distribution of strain rate of the IVS around the second heart sound was obtained, as well as that around the R-wave. This period corresponds to the transient phase from myocardial contraction to relaxation. Figure 8 shows the transition from contraction to relaxation in the IVS around the second heart sound for the same subject as shown in Figs. 5-7. As seen in Fig. 8 , myocardial relaxation occurs in the middle of the IVS in the late contraction phase, which extends gradually from the middle to both sides of the IVS.
Comparison of results of apical approach
with those in long-axis view The results obtained by the apical approach were compared with those in the long-axis view to confirm the transition of relaxation beginning from the middle of the IVS in the late ejection phase. Figure 9 shows the spatial distribution every 1.8 ms around the second heart sound for the same subject (Fig. 5) in the long-axis view. This period corresponds to that observed in Fig. 8 . In the longaxis view, ultrasonic beams are almost perpendicular to those in the apical approach. Therefore, blue and red in the long-axis view correspond to contraction and relaxation, respectively.
Although the lateral resolution is low in the long-axis view in Fig. 9 because of the sparse scanning to achieve a high temporal resolution, the relaxation was found to extend from the middle to both sides of the IVS, as in the apical approach shown in Fig. 8 . 
In vivo Experimental Results for Patient with Old Myocardial Infarction
As an example of noninvasive diagnosis of the myocardium, we applied the proposed method to examine the IVS of a 79-year-old male patient with old myocardial infarction (OMI). Figure 10 shows a cross-sectional image of the heart in the apical long-axis view obtained from the patient and the schematic of segmentation in the apical long-axis view. 18) In the acquisition of RF signals, the ultrasonic beam scans 10 directions in the IVS and realizes a high frame rate of 490 Hz. During medical treatments, the infarcted region was found in the antero septal region (#7), as illustrated in Fig. 10 .
Analysis around R-wave in ECG
Beams 1-8 that scanned the IVS were analyzed. The strain rate distribution along each ultrasonic beam was obtained by analyzing the region AE163 ms (¼ AE80 frames) around the Rwave in the ECG. Figure 11 shows the strain rate distribution along beam number 5 in Fig. 10 . Results shown in Figs. 11(a)-11(d) correspond to those in Figs. 6(a)-6(d) , respectively. From the strain rate distribution shown in Fig. 11(a) , it was found that the elongation (blue) in the atrium contraction phase before the R-wave is smaller than that in the healthy subject shown in Fig. 6(a) . Although transitional properties are similar to those for the healthy subject, the depth at which the strain rate is small was recognized around the R-wave [white dashed oval in Fig. 11(a) ]. This region is further discussed in §4.3. Figure 12 shows the spatial distribution of the strain rate of the IVS in the apical approach around the R-wave for the patient. These results correspond to those for the healthy subject shown in Fig. 7 . It was found that myocardial contraction extends gradually from the apical area to the basal area just before the R-wave, as shown in Fig. 7 . However, the region near the apical area in the IVS shows a small strain rate (grey zone), which is considered to result from a decrease in the ability to contract actively in the infarcted region. Figure 13 shows the transition from contraction to relaxation in the IVS around the second heart sound for the same patient as shown in Fig. 10 . Figure 13 shows that the transitional properties in myocardial relaxation are similar to those of the healthy subject shown in Fig. 8 . Relaxation occurs in the middle of the IVS in the late contraction phase, and extends gradually from the middle to both sides of the IVS. The region near the apical area, which is gray in Fig. 12 , shows a smaller strain rate relative to that in the surrounding area, but no definite difference was recognized around the second heart sound.
Analysis around second heart sound in PCG
Average magnitudes of strain rates around R-wave
and second heart sound To evaluate how each region in the IVS contracts/relaxes in the transitional period, we adopted the average magnitude of strain rate. Figure 14 shows color-coded images of average strain rate in the periods around the R-wave in the ECG and second heart sound in the PCG. Figure 14(a) shows the average magnitude of strain rate for the period AE82 ms (AE40 frames) around the R-wave. As shown in Fig. 14(c) , the period around the second heart sound was analyzed as well as that around the R-wave. These periods correspond to the transitional period in myocardial contraction and relaxation. Figures 14(b) and 14(d) show the B-mode image at the R-wave and that at the Ao valve closure, respectively. In each period, two consecutive cardiac cycles were analyzed.
In Fig. 14(a) , it was found that the region surrounded by the white dashed line near the apical area in Fig. 14(b) shows a small average strain rate. This region corresponds to the region where the propagation of contraction was not observed in Fig. 12 . This indicates that the thickness of the region changes negligibly around the R-wave, which is considered to result from the decrease in the ability to contract actively in the infarcted region.
As for the period around the second heart sound [ Fig. 14(c) ], the infarcted region was not clearly distinguished from the surrounding area. The infarcted area is considered to be passively stretched due to the filling of the left ventricle with blood. Therefore, in the evaluation of the myocardial function using the strain rate, it is useful to evaluate the strain rate in the period around the R-wave. In this period, the mechanical reaction of the myocardium due to electrical excitement can be sensitively evaluated from the strain rate.
Comparison of healthy subject with patient
As discussed in §4.3, the infarcted area was clearly distinguished from the normal area in the period around the R-wave. Here, the results of the patient are compared with those of the healthy subject in the period around the R-wave. Figure 15 shows the color-coded image of the average magnitude of strain rate for the period AE82 ms around the Rwave. Figures 15(a) and 15(b) are the results for the healthy subject shown in Fig. 5 and the patient with OMI shown in Fig. 10 , respectively. In Figs. 15(a) and 15(b) , the crosssectional images were mirror images in the horizontal direction, but almost the same areas in the IVS were analyzed. Upon comparing Fig. 15(a) with Fig. 15(b) , strain in the patient is found to be smaller than that in the healthy subject on the whole. In addition, a local region with a small change in thickness was observed in the patient but not in the healthy subject. These results indicate the possibility of using this method to quantitatively detect a locally infarcted region in the myocardium.
Conclusions
The spatial distribution of myocardial strain rate was measured at an extremely high temporal resolution of a frame rate of about 600 Hz. From in vivo experimental results in the long-axis view, it was found that the spatial properties of myocardial contraction and relaxation vary continuously. In particular, the transitional properties in myocardial contraction/relaxation from the apical area to the basal area were observed in the posterior wall. These continuous transitions probably contribute to efficient functioning of the human heart. In addition, the left ventricle was measured not only in the long-axis view but also by the apical approach. The spatial distribution of the strain rate of the IVS in the apical approach showed transitions of myocardial contraction and relaxation in the IVS and the posterior wall. These results indicate the possibility of using this method for the elucidation of the mechanism of myocardial contraction and relaxation.
In addition, this method was applied to a patient with OMI. It was found that the infarcted area could clearly be distinguished from a normal area in the period around the Rwave in the ECG. This result indicates the possibility of using this method for noninvasive diagnosis of the myocardium, particularly the detection of a locally infarcted region in the myocardium, which is difficult to detect using the ECG. 19) 
